Hyperglycemia is a common and costly health care problem in hospitalized patients. In hospital hyperglycemia is defined as any glucose value >7.8 mmol/l (140 mg/dl). Hyperglycemia is present in 40% of critically ill patients and in up to 80% of patients after cardiac surgery, with ~ 80% of ICU patients with hyperglycemia having no history of diabetes prior to admission. The risk of hospital complications relates to the severity of hyperglycemia, with a higher risk observed in patients without a history of diabetes compared to those with known diabetes. Improvement in glycemic control reduces hospital complications and mortality; however, the ideal glycemic target has not been determined. A target glucose level between 7.8 and 10.0 mmol/l (140 and 180 mg/dl) is recommended for the majority of ICU patients. This review aims to present updated recommendations for the inpatient management of hyperglycemia in critically ill patients with and without a history of diabetes.
failure, 11 and 80% of patients after cardiac surgery. 12, 13 The occurrence of hyperglycemia is even more evident in critically ill patients where 31% of the population will have at least one blood glucose reading 11.1 mmol/l (200 mg/dl) and nearly 100% will have a blood glucose > 6.1 mmol/l (110 mg/dl) during intensive care unit (ICU). 7,10,14 These patients may have previously undiagnosed diabetes, receiving a diagnosis for the first time and others might manifest "stress hyperglycemia" during an acute illness that resolves by the time of discharge. 15 This paper will review the guidelines for diagnosing stress hyperglycemia, mechanisms underlying hyperglycemia, the benefits of glycemic control, and current management recommendations for inpatient hyperglycemia.
Diagnosis of stress hyperglycemia in hospital setting
The American Diabetes Association and American Association of Clinical Endocrinologists consensus on inpatient hyperglycemia defined stress hyperglycemia or hospital-related hyperglycemia as any blood glucose concentration > 7.8 mmol/l (140 mg/dl) without evidence of previous diabetes. Although stress hyperglycemia typically resolves as the acute illness or surgical stress abates, it is important to identify and track patients as 60% of patients admitted with new hyperglycemia had confirmed diabetes at 1 year. 16 Wexler et al showed that nearly one in five adult patients with "stress" hyperglycemia have probable unrecognized diabetes as identified by an admission HbA1c > 6.1% which speaks to the fact that nearly one-third of patients with diabetes are unaware of their diagnosis. 3 Crosssectional studies of patients with stress hyperglycemia revealed that ~ 30%-60% of patients with stress hyperglycemia have impaired carbohydrate intolerance or diabetes during follow-up. 16 Until recently, clinical guidelines recommended that all patients with stress hyperglycemia should be tested with an oral glucose tolerance test (OGTT) shortly after discharge to assess carbohydrate tolerance. 17 More recently, the use of HbA1c has been recommended over OGTT as the preferred diagnostic testing in hospitalized patients with hyperglycemia. 18 Measurement of an HbA1c during periods of hospitalization provides the opportunity to differentiate patients with stress hyperglycemia from those with diabetes who were previously undiagnosed, as well as to identify patients with known diabetes who would benefit from intensification of their glycemic management regimen. 19, 20 However, it is important to emphasize that an HbA1c cutoff of >6.5% identifies one-third fewer cases of undiagnosed diabetes than a high fasting glucose value. 21 Several epidemiologic studies have reported a low sensitivity (44%-66%) but a high specificity (76%-99%) for HbA1c > 6.5% in an outpatient population. 22, 23 In addition HbA1c testing has significant limitation in the presence of hemoglobinopathies (i.e. sickle cell, thalassemia) recent transfusion, severe hepatic or liver disease, high-dose salicylates, and iron deficiency anemia. 24, 25 Finally, it is recommended that when an HbA1c is used for establishing a diagnosis of diabetes, it should be performed using a method certified by the National Glycohemoglobin Standardization Program 21, 25 as point of care HbA1c testing is not sufficiently accurate at this time to be used for diagnosis of diabetes.
Mechanisms of stress hyperglycemia in hospitalized patients
Hyperglycemia is a frequent manifestation of critical and surgical illness, resulting from the acute metabolic and hormonal changes associated with the response to injury and stress. 26, 27 Acute illness, surgery, and trauma raise levels of counterregulatory hormones such as glucagon, epinephrine, cortisol, and growth hormone. The counterregulatory response results in a number of alterations in carbohydrate metabolism, including insulin resistance, increased hepatic glucose production, impaired peripheral glucose utilization, and relative insulin deficiency. Epinephrine stimulates glucagon secretion and inhibits insulin release by pancreatic β-cells. 28 High cortisol levels increase hepatic glucose production, and stimulate protein catabolism and increased circulating amino acids concentration, providing precursors for gluconeogenesis. 29, 30 In addition, acute stress increases pro-inflammatory cytokines such as tumor necrosis factor-alpha (TNF-α), interleukin (IL)-6, and IL-1, 26, [31] [32] [33] which increase insulin resistance by interfering with insulin signaling. TNF-α activates c-Jun NH2-terminal kinase (JNK), a signaling protein molecule that phosphorylates insulin receptor substrate-1 (IRS-1) and prevents insulin-mediated activation of phosphatidylinositol 3-kinase (PI 3-kinase) involved in tissue glucose uptake. Downstream effect process decreases insulin stimulation of glucose uptake and causes hyperglycemia. 34, 35 Thus stress adversely affects multiple biological processes resulting in diminished insulin action and if the pancreas is unable to compensate by increasing insulin production, the end result is the appearance of hyperglycemia. Furthermore, in the presence of hyperglycemia, the pancreatic β-cells develop desensitization that results in further blunting of insulin secretion and increasing serum glucose levels. 36 Counterregulatory hormones in the setting of stress lead to enhanced lipolysis and increasing fatty acids (FFAs) concentration. 37, 38 In patients with ischemic cardiovascular events, high FFA levels can aggravate ischemia/reperfusion damage by limiting the ability of cardiac muscle to uptake glucose for anaerobic metabolism. 39, 40 FFAs, normally the substrate of choice for healthy myocardium, are toxic to an ischemic myocardium 39, 40 leading to cardiac arrhythmias, sympathetic overactivity, increased blood pressure, oxidative stress and endothelial dysfunction. [41] [42] [43] Increased FFA levels also produce dose-dependent insulin resistance in peripheral tissues 44 andincrease hepatic glucose output in both diabetic and non-diabetic individuals. 27, 45 Hyperglycemia state caused by these mechanisms often times is worsened by exogenous use of glucose in form of nutritional supports or intravenous dextrose in critical care settings. 13 The development of hyperglycemia leads to generation of reaction oxygen species (ROS), Lipid peroxidation, elevated cardiovascular inflammatory markers. (Fig. 1 ) Acute hyperglycemia may induce cardiac myocyte death through apoptosis or by exaggerating ischemia-reperfusion cellular injury. 46, 47 It also has deleterious effect on endothelial function by suppressing formation of nitric oxide (NO) and impairing endotheliumdependent flow mediated dilation. 48 In addition, hyperglycemia-induced abnormalities in hemostasis including increased platelet activation, adhesion and aggregation, 49 reduced plasma fibrinolytic activity and increased plasminogen activator inhibitor-1 (PAI-1) activity. 50 In vitro and in vivo studies have also shown that hyperglycemia also impairs immune system function by reducing phagocytic activity of macrophages, impairing chemotaxis of polymorphonuclear neutrophils (PMNs), increasing expression of adhesion molecules and free radical production in immune cells which will ultimately increase the risk of infection and multiple in hospital complications 51, 52 (Fig. 1 ).
Consequences of stress hyperglycemia in hospitalized patients
Extensive observational and prospective randomized trials in patients with critical illness indicate a strong association between hyperglycemia and poor clinical outcome, such as mortality, morbidity, length of stay, infections and overall complications. 7,53 The impact of hyperglycemia on outcome may be related to the presence of pre-existing diabetes, the intensity of the hyperglycemic response, the diagnosis, and the risk for infection. A retrospective study in a community teaching hospital reported that subjects with newly diagnosed or stress hyperglycemia had increased hospital mortality and longer stay in the hospital, and were more likely to require transitional or nursing home care after discharge when compared to patients with known diabetes and normoglycemia. 7 In a different study, patients with acute myocardial infarction and stroke had higher rate of mortality and cardiovascular complications than those with history of diabetes. 7 It is estimated that for each 1 mmol/L (18 mg/dL) rise in admission fasting plasma glucose is associated with 33% increase in mortality. 54 In studies of patients undergoing coronary artery bypass surgery (CABG), irrespective of pre-existing diabetes, it was reported that those with elevated hospital BG values of >200 mg/dL compared to lower values had higher mortality, more wound infections and longer hospital stays. 53, 55, 56 A recent retrospective analysis of 259 040 patients admitted to a University-affiliated Veterans Affairs Medical Center (VAMC) demonstrated a significant association between hyperglycemia and adjusted mortality in unstable angina, acute myocardial infarction, congestive heart failure, arrhythmia, ischemic and hemorrhagic stroke, gastrointestinal bleeding, acute renal failure, pneumonia, pulmonary embolism, and sepsis. 57 The mortality risk was significantly greater at each quartile range of blood glucose for patients without a history of diabetes in this large VAMC database.
Glycemic control in critical care setting
Early intervention of randomized controlled studies intensified glucose control with administration of Intravenous insulin both in medical and surgical patients reported a reduction in multi-organ failure, systemic infection as well as short and long-term mortality. 13,56,58-60 It seems that glucose control rather than administration of exogenous insulin is the dominant factor in improving mortality. 61 In a non-randomized prospective study on 2,467 patients undergoing open-heart surgery, Furnary et al 62 showed that continuous insulin infusion to achieve perioperative BG target level of 8.3-11.1 mmol/l (150-200 mg/dl) as compared to levels > 11.1 mmol/l (BG>200 mg/dl) reduced the risk of death and deep sternal wound infection by more than half. The authors reported additional risk reduction by lowering the glycemic target to 6.9-9.7 mmol/l (125-175 mg/dl) and later on to 5.5-8.3 mmol/l (100-150 mg/dl). 63 The Leuven study 13 was the first randomized control trial that set the stage for aggressive glycemic control in critical care setting a decade ago. This study randomized 1548 patients admitted to surgical ICU (~ 60% cardiac case, 86% non-diabetic with hyperglycemia) were randomized to either receive intensive insulin therapy to maintain target BG level of 4.4-6.1 mmol/l (80-110 mg/dl) or conventional treatment for target between 10 and 11.1 mmol/l (180-200 mg/dl). Compared to the conventional treatment arm with an average daily BG of 8.5 mmol/l (153 mg/dl), patients in the intensive insulin treatment (average BG level 5.7 mmol/l [103 mg/dl]) had significantly less bacteremia, acute renal failure number of red cell transfusions, critical illness associated polyneuropathy and prolonged mechanical ventilation. The ICU mortality was also reduced by half in the intensive insulin treatment arm and the benefit was even greater for those who remained in the intensive care unit for more than five days. In a post-hoc analysis of this study, it was found that those with a previous diagnosis of diabetes were at lower risk of mortality than patients without diabetes or with newly-diagnosed diabetes (OR 0.356, 95% CI: 0.158-0.803, p = 0.01). 56 Severe hypoglycemia (BG< 2.2 mmol/l, 40 mg/dl) occurred in 5% of intensive insulin treatment vs. 7% in conventional treatment.
Counterpart to the above study, Van den Berghe et al reported a randomized controlled trial in medical ICU patients (83% non-diabetics with hyperglcemia) 60 using the same treatment arms and glucose targets. When evaluated in an intention-to-treat analysis, there were no differences in-hospital mortality (37.3% vs. 40%, P = 0.33) between the intensive group (mean BG achieved 111 mg/dl) and conventional group (mean BG achieved 153 mg/dL). Further analysis of the data for those treated in the ICU for longer than 3 days revealed a reduction in ICU mortality (31.3% vs. 38.1%, p = 0.05) and total hospital mortality (43% vs. 52%, p = 0.009). The benefit of mortality was only observed among non-diabetic patients and not in patients with pre-existing diabetes. Risk of hypoglycemia (BG< 2.2 mmol/l, 40 mg/dl) was also increased among those with intensive insulin treatment compared to conventional arm and it was found to be an independent risk factor for death. 56 Other studies also showed benefit for tight blood glucose control in critical care setting with 30-60% reduction in mortality (Table 1) . 62, 64 Despite these positive results, multiple recent studies have shown increased mortality risk with intensive glycemic control ( Table 2) . [65] [66] [67] [68] [69] The Glucontrol trial, a seven-country, multicenter trial, randomized patients in medical and surgical ICUs to tight glycemic control (BG 4.4-6.1 mmol/l; 80-110 mg/dl) versus conventional glycemic control (BG 7.8-10 mmol/l; 140-180 mg/dl). The study was discontinued prematurely due to protocol violations and safety concerns about hypoglycemia in the intensive arm without difference in mortality between the two groups. 70 Similarly, the Efficacy of Volume Substitution and Insulin Therapy in Sepsis (VISEP) study 65 in ICU patients with sepsis randomized to receive intensive insulin treatment to maintain BG levels 4.4-6.1 (80-110 mg/dL) and 10-11.1 mmol/L (180-200 mg/dL) showed no difference at 28 day or 90 day mortality between groups, but intensive treatment resulted in significantly greater number of severe hypoglycemic events (12.1 vs. 2.1%). The NICE-SUGAR trial, 67 a large trial with more than 6000 medical and surgical ICU subjects randomized patients to receive either intensive insulin treatment (target BG: 4.5-6 mmol/l; 81-108 mg/dl) or conventional control (target BG <10 mmol/l; <180 mg/dl). This study reported no significant difference in hospital mortality or length of stay between groups, and compared with the control arm, the intensive treatment group had an absolute increase in 90-day mortality (27.5% vs. 24.9%, p = 0.02) and an increased incidence of hypoglycemia (6.8% vs. 0.5%, p < 0.001).
The results of recent trials have also shown that it is difficult to achieve and maintain tight glycemic control (BG 4.5-6 mmol/l, 80-110 mg/dl) without increasing the risk for severe hypoglycemia (BG < 2.2 mmol/l, 40 mg/dl). [65] [66] [67] [68] The incidence of severe hypoglycemia among the different trials ranged between 5% and 28% depending on the intensity of glycemic control (Table 2 ). Studies have suggested that there is an increased risk of in hospital complications and mortality in patients who experienced severe hypoglycemia. 71, 72 In a retrospective cohort study on patients with acute myocardial infarction, those with hypoglycemia had higher mortality compared to patients without hypoglycemic event (12.7% vs 9.6%, P = 0.03), and the relationship between hypoglycemia and mortality was similar in patients with and without known history of diabetes. 73 Despite these observations, the direct causal effect of iatrogenic hypoglycemia on adverse outcome is still debatable. A recent study assessing the impact of iatrogenic vs. spontaneous hypoglycemia in critical illness, Kosiborod et al 73 reported that spontaneous hypoglycemia is associated with higher in hospital mortality and that insulin-induced hypoglycemia was not associated with increased risk of death compare to subjects without hypoglycemia. This raised up the possibility that hypoglycemia is a marker of vulnerability rather than a direct cause of adverse outcomes. 71, 73 
Blood glucose measurement
Frequent blood glucose monitoring is essential for optimally managing hyperglycemia in patients admitted to critical care units. Patients treated with continuous IV insulin generally require hourly testing until blood glucose levels are stable, followed by testing every 2 h. Patients with or without a history of diabetes receiving enteral or parenteral nutritional support should undergo glucose testing every 4-6 h. Blood glucose testing can be discontinued in patients without a prior history of diabetes if glucose values are <7.8 mmol/ L (140 mg/dL) without insulin therapy for 24-48 h following achievement of desired caloric intake. For patients who are able to eat, glucose measurement is usually performed four times a day: before meals and at bedtime for patients who are eating. Pre-meal glucose testing should be obtained as close to the time of the meal tray delivery as possible, and no longer than 1 h before meals. 55 More frequent glucose monitoring is indicated after a medication change that could alter glycemic control, e.g., corticosteroid use, abrupt discontinuation of enteral or parenteral nutrition, or in patients with frequent episodes of hypoglycemia.
There are different methods for obtaining blood glucose levels in ICU. Measuring arterial glucose level using blood gas analyzers is the most accurate method. 74 Laboratory analysis of plasma glucose of venous sampling is accurate but this approach is slow for use in ICU. 75 Bedside capillary point of care (POC) testing is the preferred method for guiding ongoing glycemic management in the hospital; however this method may be inaccurate by up to 20% compared to the plasma glucose particularly in patients with lower glucose levels, hypotension or anemia. 76 Recent studies suggest that continuous BG monitoring devices may be helpful in reducing incidences of severe hypoglycemia in acute care. 77, 78 More studies, however, are needed to determine the accuracy and reliability of continuous BG monitoring devices in hospitalized patients. Although promising, continuous BG monitoring has not been adequately tested in acute care and therefore cannot be recommended for hospitalized patients at this time.
Glycemic targets in critical care settings
Based on the results of recent trials, the American Association of Clinical Endocrinologist and American Diabetes Association 79 task force on inpatient glycemic control recommended targeting a BG level between 7.8 and 10.0 mmol/l (140 and 180 mg/dl) for the majority of ICU patients and a lower glucose targets between 6.1 and 7.8 mmol/l (110 and 140 mg/dl) in selected ICU patients (i.e. centers with extensive experience and appropriate nursing support, cardiac surgical patients, patients with stable glycemic control without hypoglycemia). Glucose targets >10 mmol/l (>180 mg/dl) or <6.1 mmol/l (<110 mg/dl) are not recommended in ICU patients. 74, 79 
Treatment of hyperglycemia in critically ill patients
The use of insulin is the preferred therapeutic agent for blood glucose control in the hospital setting. Intravenously administered insulin is most beneficial to critically ill patients with or without a history of diabetes. 80 Because of the very short half-life of circulating insulin, IV delivery allows rapid dosing adjustments to address alterations in patients' status. Insulin infusion is ideally administered via validated written or computerized protocols that allow for predefined adjustments to the insulin infusion rate according to glycemic fluctuations and insulin dose. 74 The administration of IV insulin is more predictable and effective in controlling hyperglycemia than subcutaneous (SQ) insulin therapy; however, it is labor intensive and requires admission to the ICU in majority of medical centers. Once patient's condition stabilizes (e.g., consistent feeding administration, lack of significant edema, no vasopressors) IV insulin infusion can be transitioned to SQ. Several models have been proposed for transition from insulin infusion to SQ insulin therapy [81] [82] [83] [84] In general, the initial dose and distribution of SQ insulin at the time of transition can be determined by extrapolating the IV insulin requirement over the preceding 6-8 h to a 24-h period. Administering 80% of the total daily calculated dose as basal insulin has been demonstrated to be both safe and efficacious in surgical patients. 47, 83 It is important that consideration be given to a patient's nutritional status and medications, with continuation of glucose monitoring to guide ongoing adjustments in the insulin dose, as changes in insulin sensitivity can occur during acute illness.
During the transition to SQ insulin, abasal and bolus insulin regimen has been demonstrated to be effective and safe in medical and surgical patients. 85 The basal bolus models include a three component approach to insulin replacement: basal insulin, nutritional insulin, and correction insulin. 86, 87 Basal insulin is provided as an injection of basal insulin analogs given every 24 h (glargine, detemir) or intermediate-acting human insulin given every 8-12 h (e.g., NPH). Basal insulin analogs have duration of action of approximately 24 h with no pronounced peak, providing a more physiologic basal insulin supply than NPH insulin. Prandial insulin can be given with regular human insulin or with rapid-acting insulin analogs (lispro, aspart and glulisine). Regular insulin has a slow onset of action and must be injected 30-45 min before a meal. In the hospital setting, timing regular insulin with meals is inconvenient and can produce hypoglycemia if a meal is delayed or skipped. Rapid-acting insulin analogs closely mimic the normal postprandial insulin response and have a more rapid onset (5-15 min), peak action (45-60 min), and a shorter duration of action than regular human insulin.
The effectiveness and safety of premixed insulin preparations have not been tested in hospitalized patients. These formulations do not reliably mimic patterns of physiologic insulin release and may cause between-meal and nocturnal hypoglycemia. 88 In addition, the use of oral and other non-insulin therapies are not recommended as they are relative contraindicated in many clinical situations (sepsis, NPO status, IV contrast dye, pancreatic disorders, etc.). Sulfonylureas are long-acting insulin secretagogues that can cause severe and prolonged hypoglycemia, particularly in the elderly or those with chronic kidney disease. 88 Metformin must be discontinued in patients with decompensated congestive heart failure, renal insufficiency, hypoperfusion, or chronic pulmonary disease 88 and in patients who are at risk of developing renal failure and lactic acidosis such as may occur with the administration of IV contrast dye or surgery. Thiazolidinediones can take several weeks for the full hypoglycemic effect and are contraindicated in patients with congestive heart failure, hemodynamic instability, or evidence of hepatic dysfunction.
Recommendations at hospital discharge
Measurement of HbA1C concentration during the hospital stay can assist in tailoring the glycemic management at discharge. Patients with HbA1C < 6.5% can usually be discharged on no antidiabetic medications. Patients with elevated HbA1C can be treated with insulin, oral antidiabetic agents or combination therapy. For patients discharged home on insulin therapy as a new medication, it is important that written information be provided for the method and timing of administration of prescribed doses and recognition and treatment of hypoglycemia 89 . Insulin regimens are often complex, usually entailing the administration of two different insulin preparations that may require adjustments according to home glucose readings. Because hospital discharge can be stressful to patients and their family, orally communicated instructions alone are often inadequate. To address this problem, several institutions have established formalized discharge instructions for patients with diabetes as a way of improving the clarity of instructions for insulin therapy and glucose monitoring. 90, 91 
Summary
Hyperglycemia is a common finding in critically ill patients with and without diabetes. Observational and randomized controlled studies indicate that improvement in glycemic control results in lower rates of hospital complications and mortality. Intravenous insulin infusion is the preferred regimen for critically ill patients with or without a history of diabetes. During transition from intravenous to subcutaneous insulin therapy, the use of basal, nutritional and correction components rather than the sole use of sliding scale insulin regimen is the preferred method for achieving and maintaining glucose control. Implementing a standardized subcutaneous insulin order set promoting the use of scheduled basal and nutritional insulin therapy is a key intervention in the inpatient management of diabetes. Several guidelines and position statements offer medical institutions evidencebased guidelines for the management of inpatient hyperglycemia in both the ICU and non-ICU settings; however, more research is needed to further delineate the patient populations that would benefit most from tighter glycemic control and which insulin regimens are the safest and most effective.
Practice points
• Hyperglycemia is associated with increased risk of hospital complications and mortality in critically ill patients. The risk of hospital complications relates to the severity of hyperglycemia, with a higher risk observed in patients without a history of diabetes compared to those with known diabetes.
• Hemoglobin A1c (HbA1c) testing is recommended in patients hyperglycemia (defined as a blood glucose >7.8 mmol/l). Measurement of an HbA1c during periods of hospitalization provides the opportunity to differentiate patients with stress hyperglycemia from those with diabetes who were previously undiagnosed.
• Improvement in glycemic control reduces hospital complications and mortality; however, the ideal glycemic target has not been determined. A target glucose level between 7.8 and 10.0 mmol/l (140 and 180 mg/dl) is recommended for the majority of ICU patients.
• Intravenous insulin infusions are the preferred method for achieving and maintaining glycemic control in critically ill patients.
Research agenda
• What are the underlying mechanisms for stress hyperglycemia in critically ill patients?
• What is the optimal glycemic target for critically ill patients with and without a history of diabetes?
• What are the short-term and long-term outcomes of critically ill patients experiencing severe hypoglycemia?
• What are safe and effective strategies for transition from intravenous continuous insulin infusion to subcutaneous insulin regimens Pathogenesis of stress hyperglycemia Stress hyperglycemia results from increased hepatic glucose production and impaired glucose utilization in peripheral tissues. Excess counterregulatory hormones (glucagon, cortisol, catecholamines, and growth hormone) increases lipolysis and protein breakdown (proteolysis), and impaired glucose utilization by peripheral tissues. Hyperglycemia causes osmotic diuresis that leads to hypovolemia decreased glomerular filtration rate and worsening hyperglycemia. At the cellular level increased blood glucose levels results in mitochondrial injury by generating reaction oxygen species and endothelial dysfunction by inhibiting nitric oxide production. Hyperglycemia increases levels of pro-inflammatory cytokine such as TNF-α, and IL-6 leading to immune system dysfunction, also increases plasminogen activator inhibitor-1 and fibrinogen causing platelet aggregation and hypercoagulable state. These changes can eventually lead to increased risk of infection, impaired wound healing, multiple organ failure, prolonged hospital stay and death. To convert mmol/l to mg/dl multiply the values by 18. DSWI: Deep sternal wound infection; RCT: randomized controlled trials; IIT: intensive insulin therapy; CT: conventional therapy.
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